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Gastric carcinoma (GC) is one of the most common malignancies worldwide and has a very poor prognosis. Genetic
imbalances in 62 primary gastric adenocarcinomas of various histopathologic types and pathologic stages and six gastric
cancer–derived cell lines were analyzed by comparative genomic hybridization, and the relationship of genomic abnormalities
to clinical features in primary GC was evaluated at a genome-wide level. Eighty-four percent of the tumors and all six cell lines
showed DNA copy number changes. The recurrent chromosomal abnormalities including gains at 15 regions and losses at 8
regions were identified. Statistical analyses revealed that gains at 17q24-qter (53%), 20q13-qter (48%), 1p32–p36 (42%),
22q12-qter (27%), 17p13-pter (24%), 16p13-pter (21%), 6p21-pter (19%), 20p12-pter (19%), 7p21-pter (18%), 3q28-qter (8%),
and 13q13–q14 (8%), and losses at 18q12-qter (11%), 3p12 (8%), 3p25-pter (8%), 5q14–q23 (8%), and 9p21-p23 (5%), are
associated with unique patient or tumor-related features. GCs of differing histopathologic features were shown to be
associated with distinct patterns of genetic alterations, supporting the notion that they evolve through distinct genetic
pathways. Metastatic tumors were also associated with specific genetic changes. These regions may harbor candidate genes
involved in the pathogenesis of this malignancy. © 2002 Wiley-Liss, Inc.

INTRODUCTION

Gastric cancer (GC) is highly prevalent, and rep-
resents the second most common cause of cancer-
related death in the world (Whelan et al., 1993). At
present, curative surgery remains the most effec-
tive treatment. Although radical lymph node dis-
section has been performed on patients with po-
tentially curable carcinoma of the stomach to
improve survival, prognosis remains poor because
most patients have advanced disease at diagnosis
(Wu et al., 1996a,b, 1997). Therefore, it is impor-
tant to gain a further understanding of the biology
of GC and the genetic alterations underlying this
malignancy.
GC, like many other epithelial-derived cancers,

results from the accumulation of multiple genetic
alterations (Tahara, 1995). However, genetic
changes involved in gastric carcinogenesis or pro-
gression have not yet been clearly defined. In-
creased DNA content and aneuploidy are fre-
quently observed in GC cells (Brito et al., 1993).
Numerical chromosomal anomalies described in
GC include polysomy of chromosomes X, 1, 2, 3, 4,
15, 17, and 20, trisomy of chromosomes 9 and 11,
and monosomy of chromosomes 7, 10, 17, and 18

(Han et al., 1996). Genetic instability resulting
from defects in the mismatch repair genes plays an
important role in GC progression (Lin et al., 1995;
Dos Santos et al., 1996; Wu et al., 1998, 2000).
Amplification and overexpression of oncogenes,
such as KSAM (Nakatani et al., 1990), ERBB2 (Mi-
zutani et al., 1993; Uchino et al., 1993; Wu et al.,
2000), and MET (Soman et al., 1991), as well as
activation of RASK are frequent events (Kihana et
al., 1991). Loss of heterozygosity (LOH) of loci
corresponding to the DCC and APC genes is fre-
quently detected (Tamura et al., 1993). The tumor
suppressor gene TP53 is mutated in about 40% of
GCs (Kim et al., 1991; Labrecque et al., 1993;
Renault et al., 1993). Amplification of the CCNE
gene is also observed (Tahara, 1995). By use of the
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technique of comparative genomic hybridization
(CGH), several investigators have reported dele-
tions and amplifications at various chromosomal
regions (Kobayashi et al., 1996; Kokkola et al.,
1997), suggesting that additional unknown genetic
alterations are involved in GC development.
Because CGH bypasses the need for tissue cul-

ture, it has been applied in the detection of recur-
rent chromosomal alterations in many solid tumor
types, including GC (Knuutila et al., 1998a;
Rooney et al., 1999). In GC, consistent DNA copy
number gains are frequent on 20q, 17q, and 8q,
whereas loss of 4q and 18q genetic material is
common (Kokkola et al., 1997; El-Rifai et al., 1998;
Sakakura et al., 1999). A comprehensive analysis of
the relation between DNA copy number changes
and clinical histopathologic features is lacking.
Therefore, this study was designed to provide a
detailed global view of genetic imbalances in a
large panel of primary gastric adenocarcinomas (62
cases), to evaluate the clinical relevance of the
identified chromosomal changes that may be im-
plicated in the initiation, promotion, and progres-
sion of GC.

MATERIALS AND METHODS

Tumor Specimens and Patients

Tissue was obtained after surgical resection of 62
primary gastric carcinomas from the Veterans Gen-
eral Hospital–Taipei after signed informed con-
sent. Table 1 shows the clinical and histopathologic
data of the 62 cases. There were 47 men and 15
women, with a mean age of 65 years (range: 30–
85). All specimens were snap-frozen immediately
after resection and stored at �70°C until use. Part
of the sample was allocated for DNA extraction.
The remaining tissue was fixed in 10% buffered
formalin for histologic examination. Hematoxylin–
eosin-stained sections were used to categorize tu-
mors according to the classifications of Lauren and
Ming (Lauren, 1965; Ming, 1977). All cases were
histologically confirmed as gastric adenocarcino-
mas, and the tumor specimens consisted predomi-
nantly of cancer.

DNA Extraction

Genomic DNA was isolated from tumor speci-
mens by a standard proteinase K digestion and
phenol/chloroform extraction procedure (Sambrook
et al., 1989). Normal placenta DNA (Sigma, St.
Louis, MO) was used as reference DNA.

Comparative Genomic Hybridization (CGH)

CGH was performed according to a reported
protocol with some modifications (Kallioniemi et
al., 1994). Briefly, target metaphase cells were ob-
tained from phytohemagglutinin-stimulated pe-
ripheral blood lymphocytes from a healthy male
donor and treated with proteinase K (0.1 �g/ml in
20 mM Tris–HCl, 2 mM CaCl2, pH 7.5). Tumor
DNA and reference placental DNA were labeled
with FITC-12-dUTP and Spectrum Red-dUTP
(Vysis, Downers Grove, IL), respectively, by nick
translation. The final size of the labeled fragments
was 300–3,000 bp. Equal amounts (200 ng) of tu-
mor and reference DNA probes were mixed and
precipitated with 10 �g of unlabeled Cot-1 DNA
(Life Technologies, Gaithersburg, MD). DNA
samples were dissolved in 10 �l of hybridization
solution (70% formamide, 2.8� SSC, and 14.3%
dextran sulfate, pH 7.0), and denatured for 7 min at
76°C. Metaphase slides were denatured in 70%
formamide and 2� SSC (pH 7.0) for 3 min at 76°C
and dehydrated through graded ethanol. Hybrid-
ization of DNA to the metaphase chromosomes
was carried out for 2 days at 37°C in a moist cham-
ber, and then washing twice in 50% formamide and
2� SSC (pH 7.0) at 43°C, followed by one wash in
2� SSC and three washes in 0.1 M phosphate
buffer (pH 8.0) containing 0.1% NP40 at room
temperature. Slides were counterstained with 4,6-
diamidino-2-phenylindole (DAPI, 0.05 �g/ml) in
Vectashield antifade solution (Vector Laboratories,
Burlingame, CA).
For each hybridization, images of 6–10 met-

aphases were acquired with a computer-driven
cooled CCD color camera (Photometrics, Tucson,
AZ) attached to a microscope equipped with a
standard fluorescence system (Axioscope; Zeiss,
Jena, Germany), triple-band pass beam splitter,
and emission filters (P-1 filter set; Chroma Tech-
nology, Brattleboro, VT). Fluorescence ratio pro-
files for each chromosome were calculated using
the Quantitative Image Processing System
(QUIPS; Vysis). Gains or losses of chromosomes
were detected on the basis of the ratio profile
deviating from the green to red balance value of
1.0. The upper and lower threshold limits for de-
fining chromosomal gains and losses were set to
1.20 and 0.80, respectively. A ratio above 1.50 was
termed amplification, and 95% confidence intervals
were calculated. Metaphase green and red colors
on both homologous chromosomes were selected
for evaluation. Chromosomes X and Y were ex-
cluded from analysis, and chromosome 19 was also
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TABLE 1. Clinical Data on 62 Cases of Gastric Adenocarcinoma*

Case
no. Sex/age

Tumor
size
(cm) Site Depth

Histology
Nuc.
grade INF

Lym.
node
meta.

Liver
meta.

Vessel
inv.

Lym.
duct
inv.

Peri.
dissem.

TNM
stageLauren Ming

1 F/54 6.0 M se Diff Inf P � � � � � � IIIb
2 M/72 5.0 L se Diff Inf P � � � � � � II
3 M/71 5.0 L se Int Inf P � � � � � � IIIa
4 M/72 6.6 L mp Diff Exp P � � � � � � Ib
5 F/42 4.5 M se Diff Inf P � � � � � � II
6 M/67 7.3 L mp Diff Inf P � � � � � � II
7 M/73 10.0 M se Int Exp P � � � � � � IV
8 M/68 9.5 L se Diff Exp P � � � � � � II
9 M/73 11.6 M sei Diff Exp P � � � � � � IV

10 F/71 7.4 M mp Int Exp M � � � � � � Ib
11 M/67 7.0 M se Int Exp M � � � � � � IIIa
12 M/71 11.0 M se Diff Inf P � � � � � � IIIa
13 M/75 9.3 M se Diff Inf P � � � � � � IV
14 F/57 5.6 U se Int Inf W � � � � � � IIIb
15 M/75 7.1 L se Int Inf M � � � � � � IIIb
16 M/85 7.5 L se Int Exp M � � � � � � IV
17 M/72 6.0 U se Int Inf P � � � � � � II
18 M/68 6.0 M se Diff Inf P � � � � � � II
19 M/69 5.0 L se Diff Exp P � � � � � � IIIa
20 F/53 4.5 L mp Int Exp M � � � � � � Ib
21 M/75 8.5 L sei Diff Inf P � � � � � � IV
22 M/60 6.0 L se Int Inf W � � � � � � IIIa
23 M/80 8.1 U se Int Exp W � � � � � � IIIa
24 M/59 5.8 U se Int Exp P � � � � � � IIIb
25 M/69 9.5 M se Diff Exp P � � � � � � IIIb
26 F/71 11.0 L si Diff Inf P � � � � � � IV
27 M/61 9.0 L se Diff Inf P � � � � � � IIIb
28 F/77 8.0 L se Diff Exp P � � � � � � II
29 M/66 5.3 U se Int Inf M � � � � � � IIIb
30 M/66 8.0 U se Int Inf P � � � � � � IV
31 M/71 3.5 U se Int Inf M � � � � � � IIIb
32 M/61 7.0 L se Int Exp P � � � � � � IIIb
33 M/55 7.0 U se Int Inf P � � � � � � II
34 M/73 6.0 L se Int Inf M � � � � � � IIIb
35 M/76 8.6 L se Int Inf P � � � � � � IIIb
36 M/68 6.0 L se Diff Inf P � � � � � � IIIa
37 M/73 6.6 M se Int Inf M � � � � � � IIIb
38 F/63 7.6 L se Diff Inf P � � � � � � IIIa
39 M/56 4.4 L se Int Inf P � � � � � � IIIa
40 F/57 5.0 L sei Diff Inf P � � � � � � IV
41 M/67 9.5 M se Int Inf M � � � � � � IIIa
42 F/69 6.0 U se Diff Inf P � � � � � � IV
43 F/63 5.0 L se Diff Inf P � � � � � � IIIb
44 M/82 7.0 L si Int Inf P � � � � � � IV
45 M/76 2.7 M se Int Inf M � � � � � � II
46 M/73 5.8 L se Diff Inf P � � � � � � IIIa
47 F/69 8.4 L mp Int Exp M � � � � � � Ib
48 M/47 10.1 L se Diff Inf P � � � � � � IIIa
49 M/46 10.3 M si Diff Inf P � � � � � � IV
50 M/44 8.4 M se Int Inf P � � � � � � IIIa
51 M/54 7.5 L sei Int Inf P � � � � � � IV
52 F/57 5.6 L sei Diff Inf P � � � � � � IV
53 M/72 7.9 L si Int Inf M � � � � � � IIIb
54 M/75 5.9 L se Int Exp M � � � � � � IIIa
55 F/39 9.5 M se Diff Exp P � � � � � � IV
56 M/71 7.7 L se Diff Inf P � � � � � � IIIa
57 M/71 3.5 L sm Int Exp M � � � � � � Ia
58 M/70 7.7 L mp Int Exp M � � � � � � II
59 M/30 6.0 L se Diff Exp P � � � � � � Ib
60 M/67 7.0 L se Int Inf P � � � � � � II
61 F/52 6.7 L se Int Exp M � � � � � � II
62 M/67 5.6 M se Int Inf P � � � � � � II

*F, female; M, male; U, upper third; M, middle third; L, lower third; sm, submucosa; mp, proper muscle; se, serosa exposure; sei, serosa exposure and
infiltration; si, serosa infiltration; Diff, diffuse; Int, intestinal; Exp, expanding; Inf, infiltrating; P, poorly differentiated; M, moderately differentiated; W,
well-differentiated; INF, pattern of tumor infiltration into the surrounding tissue: INF � (Infiltration Alpha), the tumor showing expanding growth and
a distinct border with the surrounding tissue; INF � (Infiltration Beta), the tumor categorized between Infiltration Alpha and Infiltration Gamma; INF
� (Infiltration Gamma), the tumor showing infiltrating growth and an indistinct border from the surrounding tissue; Lymph node metastasis: �, negative;
�, positive; Liver metastasis: �, negative; �, positive; Vessel invasion: �, negative; �, positive; Lymphatic duct invasion: �, negative; �, positive;
Peritoneal dissemination: �, negative; �, positive; AJCC/UICC (American Joint Committee on Cancer/International Union Against Cancer) stage.
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TABLE 2. DNA Copy Number Changes in 62 Cases of Gastric Adenocarcinoma and 6 Gastric Cancer-Derived Cell Lines

Cell lines/
primary
tumors Gains Losses

Cell lines
NUGC-3 1q21–q22, 1q31-qter, 6p21, 7p, 7cen–q21, 8q, 9q33-qter, 11p15,

11q12–q13, 12q23-qter, 20
3cen–p13, 3q13.1, 4p14, 4q13-qter, 5q14–

q32, 10q21, 18q21-qter
SCM1 1p33-pter, 1q21–q22, 5p, 9q31-qter, 11p15, 11q12–q13, 12q23,

15q24-qter, 16p12-pter, 16q13–q22, 17p11.2-pter, 17q24-qter,
18p, 20q, 21q22, 22q13.2-qter

2p, 2q, 3q24, 4q, 6cen–q21, 8p, 8q13–q22,
9p13–p22, 10p11.2–p14, 13q, 18q12–
q21

KatoIII 1p34, 3q21, 3q27–q29, 6p23-pter, 7pter–q21, 8q24, 9q22.3-qter,
10q25, 11q13-qter, 12p13, 17q11.2-qter, 20

2cen–q22, 3p13, 4p15-qter, 5p14-pter,
5q14–q23, 10q21.2, 11p12–p15.3, 18q

AGS 1q, 20q 18q12–q22
AZ521 1p31–p36.1, 1q21, 17q12-qter —
HR 1p34-pter, 11q12–q13, 17p13, 17p11.2-qter, 20p13 4q24–q32, 9p21–p22

Primary tumors
1 1p34-pter, 11q12–q13, 14q32, 15q24-qter, 17q24-qter, 20q13,

21q22
—

2 — —
3 1p34-pter, 7p13, 7q21–q22, 11q12–q13 —
4 1q, 6p21-pter, 6q22–q24, 9p22-pter, 9q12-qter, 18p11.3, 20p12-

pter, 20q12-qter
—

5 1q12–q21, 3q28-qter, 20p13 —
6 6p21, 7cen–q11, 8q11–q12 —
7 6p21-pter, 13q13–q14, 17q12–21, 20p, 20q —
8 — —
9 6p23–p25, 6cen–p21, 7pter–q11, 20p, 20q 5q14-qter, 9p21-pter, 9q21–q22, 18q12-

qter
10 — —
11 1p36, 16p 18q12-qter
12 1cen–q25, 1q32-qter, 7p21-pter, 17q11.2–q21, 17q24–q25, 20q13 —
13 1q12–q21, 17q11.2–q21, 17q24–q25 —
14 17cen-qter 18q12-qter
15 17q11.2–q21, 17q24–q25 —
16 6p22-pter, 7p12-pter, 10q25-qter, 11p15-pter, 18p11.3 —
17 1q22–q31, 2q24-qter, 6q22–q27, 8q13-qter, 11q13-qter, 17q12–q21,

20q12-qter
—

18 11q13, 17q11.2–q21, 17q24–q25 —
19 5p13, 6p23-pter, 7p14-pter, 7cen–q22, 8q21–q24, 9p22-pter,

10q25–q26, 17pter–q21.3, 17q24–q25, 20p, 20q
—

20 17q12-qter —
21 1q12–q21, 11q12–q13, 17cen–q24, 18p11.2-pter, 20q3p25–p26 —
22 17cen–q21, 20q —
23 1p32-pter, 1q12–q23, 1q32-qter, 2q37, 6p21, 7p21–p22, 7q11,

8q23–q24, 9q34, 11q12–q13, 13q12–q14, 13q34, 16p11.2-pter,
17p13, 17q, 20q

4p12–p15, 4q, 5q14–q23, 18q12-qter

24 9q 18q21-qter
25 1p32-pter, 9q34, 16p13, 17p13, 17q11.2–q21, 17q24–q25, 20q13,

22q12-qter
—

26 1p32-pter, 3q28–q29, 6p21, 8q24, 9q34, 11p15, 11q12–q13, 16p13,
16q23-qter, 17pter–q21, 17q23-qter, 22q

3p25–p26, 4q13–q32, 5q21–q23, 13q21–
q32

27 1p32-pter, 1q, 2q37, 7p21–p22, 9q34, 11p15, 11q12–q13, 15q22–
q24, 16p12-pter, 17pter–q21, 17q24–q25, 22q

3p12

28 1p34-pter, 6p21, 7p22, 7q11, 9q34, 17pter–q21, 17q23-qter, 20p,
20q, 22q

4p14-p15, 4q13-qter, 13q21–q22

29 1p34-pter, 1q21–q23, 1q41-qter, 6p21, 7p21–p22, 8p21–p22, 10p13-
pter, 10q25, 16p, 16q23-qter, 17q, 20p11-qter, 22q12-qter

—

30 1p32-pter, 2q37, 6p21, 9q34, 11q12–q13, 12q24, 15q22–q24, 16p,
17p, 17q, 20p, 20q, 22q

3cen–p12, 5q14–q23, 9p21–p23, 13q21–
q31

31 1p32-pter, 1q21–q23, 9q34, 16p13, 17p, 17q, 20q12-qter, 22q12-
qter

13q21–q31

32 9q34, 11p13–q13, 13q12–q14, 17q12–q21, 20q —
(Continued)
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excluded because of problematic interpretation of
CG-rich areas on this chromosome.

Fluorescence In Situ Hybridization (FISH)

The yeast artificial chromosome (YAC) 934_E_1
clone containing DNA sequences of the human
MYC gene was labeled with FITC-12-dUTP by
nick translation and used as a probe for FISH
analysis. The labeled probe (100 �g) was mixed
with Cot-1 DNA in 10 �l of hybridization solution
and hybridized to the metaphase slides as de-
scribed above. Slides containing interphase nuclei

from tumor or placenta were treated with RNase A
(100 �g/ml) at 37°C for 1 hr before hybridization,
after which the slides were washed, counterstained,
and examined.

Statistical Analysis

The chi-square test was performed to test differ-
ences in the frequency of individual chromosomal
changes in the tumor subgroups (Fisher’s exact test
was used when sample sizes were small). Factors
considered include: age, sex, tumor size, tumor
location, gross appearance (superficial, localized, or

TABLE 2. DNA Copy Number Changes in 62 Cases of Gastric Adenocarcinoma and 6 Gastric Cancer-Derived Cell Lines
(Continued)

Cell lines/
primary
tumors Gains Losses

33 1p32-pter, 9q34, 16p, 16q23-qter, 17p, 17q, 20q12-qter, 22q12-qter 3p12, 6q12–q16, 13q21–q22
34 1p32-pter, 8q24, 9q34, 11q12–q13, 16p, 16q23-qter, 17p, 17q, 20q,

22q
3p26, 4p14–p15, 4q13–q32, 6q12–q16,

13q21–q31
35 1p35-pter, 9q34, 11q12–q13, 16p13, 17q24–q25, 20cen–q12, 22q12-

qter
—

36 1p32-pter, 17q21-qter —
37 1p32-pter, 1cen–q23, 1q32–q41, 3p21, 8p12–p22, 8q24, 9q34,

10p11–p12, 10q21–22, 10q25-qter, 11q12–q13, 17pter-q21,
17q24-qter, 20q

2q22–q32, 3p25–26, 4p13–p15, 4q13–q34,
12q21, 13q21–q22

38 1p32-pter, 1q21–q23, 8p21-pter, 9q34, 11q12–q13, 12p13, 16p,
17pter–q21, 17q24–q25, 20q12-qter, 22q12-qter

—

39 1p32–p35, 7p13-pter, 9q34, 13q13–q14, 17q24–q25, 20q13 —
40 1p32-pter, 16p13, 17p13, 17q12–q21, 17q24–q25, 22q13 —
41 1p34-pter, 17q11–q21, 17q24–q25, 20q11–12, 22q13 —
42 — —
43 — —
44 1p32-pter, 8q, 10p, 11q13–22, 13q32-qter 3p, 4p13–p15, 4q13–q32, 5q13–q23,

18q21-qter
45 — —
46 1p32-pter, 9q34, 11q12–q13, 17pter–q21, 17q24-qter, 22q 13q21–q31
47 7p13-pter, 8q24, 20p12–p13 —
48 3q28–q29, 8q23-qter —
49 1p32–p35, 1q12–q21, 3q27-qter, 6p21-pter, 7q22, 8q23-qter, 9cen–

q21, 10pter–q22, 11q12–q13, 17q, 22q
3cen–p13, 4p15-qter, 9p13–p23, 13q21–

q31, 14q12–q21
50 1p34-pter, 7p22, 9q34, 11q12–q13, 17p13, 17cen–q21, 17q24-qter,

20q13, 22q12–q13
—

51 1p34-pter, 11q12–q13, 17q12-qter, 20q12-qter —
52 — —
53 1q21-qter, 8p21–p22, 8q22-qter, 20p12-pter, 20q12-qter —
54 1q21–q25, 12q13–q15, 17q12–q21, 17q24-qter, 20q —
55 — —
56 — —
57 17q11–q21, 17q24-qter, 20q12-qter 18q22-qter
58 1q21–q23, 11q12–q13, 17q12–q21, 20q 13q21–q22
59 1q21–q31, 3q13-qter, 7p12–p21, 11p12-pter, 11q12–q23, 13q,

20p12-pter
—

60 — —
61 1q21–q41 —
62 1p32-pter, 9q34, 11q12–q13, 16q23-qter, 17q12–q21, 17q24-qter,

20p12-pter, 20q, 22q13
—
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infiltrative), nuclear grade, mode and depth of can-
cer invasion, histologic classification according to
Lauren and Ming, stromal reaction pattern, pattern
of infiltration into surrounding tissue, lymphatic
duct invasion, vascular invasion, lymph node metas-
tasis, liver metastasis, and peritoneal dissemination.
To examine independent chromosomal abnormali-
ties associated with specific clinicopathologic fea-
tures, multivariate analysis was performed based on
the Cox proportional hazard model. All P values were
two-tailed. Statistical significance was specified as
P � 0.05.

RESULTS

Comparative Genomic Hybridization

A total of 62 cases of primary gastric adenocarci-
nomas and 6 gastric cancer-derived cell lines (AGS,
AZ-521, HR, Kato-III, NUGC-3, and SCM-1) were
analyzed by CGH. Abnormalities were found in 52
of the 62 (84%) tumors and in all cell lines (Table
2), with many abnormalities common to both. In
primary tumors, the chromosome regions and sub-
regions showing DNA copy number changes for

the entire genome in the 52 informative cases are
summarized in Figure 1. Recurrent gains were de-
tected, in decreasing order of frequency, on 17q12–
q21 (57% of the samples, 35/62), 17q24-qter (53%,
33/62), 20q13-qter (48%, 30/62), 1p32–p36 (42%,
26/62), 11q12–q13 (35%, 22/62), 9q34 (31%, 19/62),
22q12-qter (27%, 17/62), 17p13-pter (24%, 15/62),
16p13-pter (21%, 13/62), 7p21-pter (21%, 13/62),
6p21-pter (19%, 12/62), 20p12-pter (19%, 12/62),
8q23–q24 (18%, 11/62), 3q28-qter (8%, 5/62), and
13q13–q14 (8%, 5/62). Losses were detected on
13q21–q22 (16%, 10/62), 4q13–q32 (11%, 7/62),
18q12-qter (11%, 7/62), 4p14–p15 (10%, 6/62),
3p12 (8%, 5/62), 3p25-pter (8%), 5q14–q23 (8%,
5/62), and 9p21–p23 (5%, 3/62). High-copy-number
amplifications (amplicons) were detected in five
tumors, mapping to 8q23–q24 (2 cases), 9q34 (1
case), 11q12–q13 (1 case), and 19cen–q13.1 (1
case).

Interphase FISH

To confirm the CGH results, FISH using a lo-
cus-specific probe mapped to 8q24 was performed

Figure 1. Summary of DNA copy number changes detected in 62 primary gastric adenocarcinomas by CGH. Vertical lines to the right of the
chromosomes represent gains of genetic material; vertical lines to the left correspond to losses.
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in cases showing gain at 8q. Representative results
are shown in Figure 2. Interphase FISH analyses
detected two alleles of the MYC gene in interphase
placenta using the 8q24 locus-specific probe,
whereas multiple signals were observed in the nu-
clei of tumor cells, suggesting that the increase in
DNA copy numbers detected by CGH analysis
represents true amplification events.

Association of Chromosome Copy Number
Changes With Clinical Features

In the primary GC, the median number of chro-
mosomes involved was 7.2 autosome arms per tu-
mor (range 0–21). Chromosomal gains (in 84% of
GC) were more commonly observed than were
losses (in 31% of GC), with the mean value in gains
of 5.4 autosome arms per tumor (range 0–16) and
losses of 0.84 (range 0–6). The average number of
chromosome arms involved was significantly higher
in Stage III/IV tumors than in Stage I/II tumors
(8.0 vs. 5.0, P 	 0.026; Fig. 3).
To investigate whether DNA copy number

changes at specific chromosomal regions may pre-
dominate in a specific pathway for gastric tumor

initiation and/or progression, the relationship be-
tween recurrent chromosomal abnormalities and
clinical features was evaluated. The frequency of
chromosomal abnormalities involving gains on 1p,
3q, 6p, 7p, 8q, 9q, 11q, 13q, 16p, 17p, 17q, 20p, 20q,
and 22q, and losses from regions on 3p, 4p, 4q, 5q,
9p, 13q, and 18q, were compared among different
subtypes of GC according to their clinicopathologic
data. In addition, gains in two subregions on 17q
(17q12–q21 and 17q24-qter) and losses from two
subregions on 3p (3p12 and 3p25-pter) were indi-
vidually considered. Chromosomal abnormalities
showing a significant association with specific sub-
groups of GC (P � 0.05) are summarized in Table
3. Univariate analysis showed that GC with differ-
ing histopathologic characteristics are associated
with distinct patterns of genetic alterations, and
chromosomal gain on 3q manifested as diffuse type
GC (P 	 0.015), whereas gains on 20q more fre-
quently occurred in the intestinal type of GC by
Lauren’s classification (P 	 0.020). Gains on 1p,
17q24-qter, and 22q manifested as infiltrating-type
GC (P 	 0.014, 0.025, and 0.034), whereas gains on
6p, 13q, and 20p, and loss of 18q12-qter, were more
frequent in the expanding-type GC by Ming’s cri-
teria (P 	 0.046, 0.041, 0.046, and 0.039).
GC showing different infiltrating growth pat-

terns were also shown to be associated with distinct
genetic changes. Gains on 7p and 20p were associ-
ated with tumors showing expansile growth into
the surrounding tissues marked by a distinct border
(P 	 0.034 and 0.003), whereas tumors showing

Figure 2. Detection of high copy-number amplifications of 8q by
CGH and interphase FISH. FISH was performed using the YAC clone
934_E_1, which contains human DNA sequences of the MYC gene
(A–C). A: Hybridization of the YAC probe to normal metaphase
chromosomes at 8q24. B: Hybridization of the YAC probe to inter-
phase placental cell. Representative examples of interphase FISH and
fluorescent ratio image of CGH on GC case 49 are shown in C and D,
respectively.

Figure 3. Distribution of the total number of chromosomal abnor-
malities for stage I/II and stage III/IV tumors. The total number of
chromosomal arms involved in DNA copy number changes was calcu-
lated for each tumor, and comparison was made between early tumors
(stages I–II) and advanced tumors (stages III–IV).
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gains on 13q and 20q manifested a mixed type of
expanding and infiltrating growth pattern (P 	
0.032 and 0.012). Losses from 3p25-pter, 5q, and
18q were associated with advanced stages of tumor
invasion (T3 � T4) (P 	 0.026, 0.015, and 0.019).
In addition, gains on 1p and losses on 5q and 9p
were associated with GC of advanced TNM stages
(P 	 0.023, 0.015, and 0.013). Metastatic GC was
also shown to be associated with specific genetic
alterations. Gain on 1p was associated with lymph
node metastasis (P 	 0.038), whereas losses from
3p25-pter and 5q were associated with liver metas-
tasis (P 	 0.030 and 0.030). Gain on 17p was asso-
ciated with vascular invasion (P 	 0.041), but gains
on 6p and 20p were more frequently found in GC
where lymphatic duct invasion was absent (P 	
0.046 and 0.046). Loss from 3p12 was associated
with peritoneal carcinoma (P 	 0.026). When pa-
tient age was considered, we found that gain on 6p
was predominantly associated with older patients

(�65 years) (P 	 0.046), whereas gain on 3q was
associated with relatively younger patients (�65
years) (P 	 0.041). Gain on 16p occurred more
frequently in tumors located at the upper third of
the stomach (P 	 0.021). Loss of 18q was associ-
ated with GC of lower nuclear grade (P 	 0.007). A
tendency of poorer prognosis was observed with
the loss of 3p25-pter (P 	 0.083). Multivariate
analysis revealed that gain on 20q is an indepen-
dent factor associated with the intestinal type of
GC by Lauren’s classification (P 	 0.038). Gain on
1p is tightly associated with infiltrating-type GC
(P 	 0.005), whereas gain on 6p and loss of 18q
were associated with expanding-type GC by
Ming’s criteria (P 	 0.033 and 0.038). Gains on 7p,
13q, and 20p were associated with tumors of a
specific infiltrating growth pattern (P 	 0.018,
0.045 and 0.035). Loss from 3p25-pter and gain on
1p were tightly associated with advanced stages of
tumor invasion (T3 � T4) (P 	 0.018) and ad-

TABLE 4. Chromosomal Abnormalities in Gastric Carcinomas

Chromosomal
abnormalitya

Frequency of
regional gain or

loss (%)

Association with
clinicopathologic

featuresb Candidate oncogenes/TSGsc

�1p32–p36 42 � JUN, BLYM1, EPS15, GAC1, MPL, MYCL1, LCK, PTP4A2, DVL1,
LAP18, CDC42,

�3q28-qter 8 � ETV5
�6p21-pter 19 � CCND3, CBFA1, PPARD, PIM1, MAPK14, PBX2, NOTCH4, RFP, DEK,

IRF4
�7p21-pter 18 � IL6, GNA12, ETV1, PDGFA
�8q23–q24 18 � FAK, PVT1, WISP1, NOV, PDNP2, MYC
�9q34 31 � VAV2, SET, RALGDS, ABL1, NUP214, GFIIB, NOTCH
�11q12–q13 35 � PAK1, FGF3, SEA, CCND1, MYEOV, RELA, EMS1, FGF4
�13q13–q14 8 � FKHR, LCP1
�16p13-pter 21 � MRP, SSTR5
�17p13-pter 24 � STK12/AIK2, ABR, CRK
�17q12–q21 57 � WNT3, ETV4, TOB1, GRN
�17q24-qter 53 � RAC3, GRB2, SSTR2, MAFG, SURVIVIN
�20p12-pter 19 � CDC25B, PCNA
�20q13-qter 48 � CAS, DCR3, SNAI1, MYBL2, GNAS1, NABC1, STK15/BTAK, ZNF217,

CYP24, BRK
�22q12-qter 27 � YWHAH, PDGFB, RAC2, TOB2
�3p12 8 �
�3p25-pter 8 � RAD18, TIMP4, ST11, RAD23B, XPC, VHL
�4p14–p15 10 �
�4q13–q32 11 � MAD2L1,MADH1/SMAD1
�5q14–q23 8 � MSH3, XRCC4, DRM, RAD17, RAS1/GAP, RASA1/GAP, CTNNA1,

APC, RAD50, MCC
�9p21–p23 5 � INFs, CDKN2A, CDKN2B, P14ARF
�13q21–q22 16 � BRCA4
�18q12-qter 11 � EB2, OSTS, MADH2/SMAD2, DCC, MASPIN, MADH4/SMAD4

aNovel sites in GC are underlined.
bThe relationship between DNA copy number changes to clinicopathologic features is shown in Table 3. “�” indicates P � 0.05, “�” indicates P 

0.05.
cThe list of oncogenes/tumor-suppressor genes is based on the information provided on http://caroll.vjf.inserm.fr. Genes in boldface represent those
that have been shown to be abnormal in GC.
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vanced TNM stages (P 	 0.026), respectively.
Loss from 3p25 was the most significant genetic
change associated with liver metastasis (P 	 0.012),
whereas gain on 6p was an independent factor
associated with tumors that lack lymphatic duct
invasion (P 	 0.034).

DISCUSSION

The present study represents the first detailed ge-
nome-wide investigation on genetic imbalances in a
large panel of GCs in relation to clinicopathologic
features. Chromosomal abnormalities were first iden-
tified in six gastric cancer cell lines, and the findings
of gains in 1p, 11q, 17q, and 20q, and losses from 5q
and 18q are in agreement with previous cytogenetic
studies (Okada et al., 2000). These abnormalities are
also consistently found in the primary GC specimens.
Overall, we found 15 regions showing recurrent gains
and 8 regions of frequent losses in primary tumors,
with several sites being novel in GC. Statistical anal-
yses revealed that gains at 17q24-qter (53%), 20q13-
qter (48%), 1p32–p36 (42%), 22q12-qter (27%),
17p13-pter (24%), 16p13-pter (21%), 6p21-pter
(19%), 20p12-pter (19%), 7p21-pter (18%), 3q28-qter
(8%), and 13q13–q14 (8%), and losses at 18q12-qter
(11%), 3p12 (8%), 3p25-pter (8%), 5q14–q23 (8%),
and 9p21–p23 (5%) are associated with specific sub-
types of GC with unique clinicopathologic features.
These regions may contain critical genes involved in
the pathogenic development of GC and are strong
indicators of critical regions that warrant detailed in-
vestigation.
Amplification of 17q is the most frequent change

found in this study, involving 61% of the cases tested,
with two regions frequently amplified: 17q12–q21
and 17q24-qter. Chromosomal gain in 17q12–q21 has
been described in many human cancers, including
gastric cancer (Knuutila et al., 1998b). Concomitant
amplification of the candidate genes GAS and ERBB2
located at the 17q12–q21 region was frequently de-
tected in the intestinal type of GC (Vidgren et al.,
1999). Overexpression of ERRB2 was shown to be
associated with highly aggressive well-differentiated
adenocarcinomas with an adverse prognosis (Sanz Or-
tega et al., 2000). As for the distal region of the long
arm of chromosome 17, it is amplified in nasopharyn-
geal carcinoma (Chen et al., 1999), neuroblastoma
(Bown et al., 1999), and malignant peripheral nerve
sheath tumors (MPNSTs) (Schmidt et al., 1999).
Gain of 17q21-qter predicts advanced disease and a
poor outcome in neuroblastoma (Bown et al., 1999),
and high-level amplification of 17q24-qter predicts
poor overall survival inMPNST (Schmidt et al., 1999,
2000). Consistent with these reports, amplification of

17q24-qter found in 53% of GCs was associated with
the infiltrative subtype of GC by Ming’s criteria, a
poor prognostic factor predicting adverse outcome,
suggesting that the region of 17q24-qter may harbor
dominant candidate genes governing the mode of
tumor growth and invasion. Candidate genes located
in this region include genes encoding the small GTP
binding protein RAC3, growth factor receptor bind-
ing protein 2 (GRB2), somatostatin receptor 2, pro-
tein G basic leucine zipper transcription MafG, and
Survivin. Survivin encodes a member of the inhibitor
of apoptosis proteins family, and high expression was
shown to promote cell survival in neuroblastomas and
was significantly associated with a poor prognosis (Is-
lam et al., 2000).
In this study, we also confirmed previous reports

of chromosomal gains on 20q, 8q, and 20p, and
losses from 4q, 18q, and 5q as frequent events in
GC (Kokkola et al., 1997; El-Rifai et al., 1998;
Sakakura et al., 1999; van Dekken et al., 1999). We
further showed that gains of 20q and 20p and losses
of 18q and 5q were strongly associated with unique
features of tumor- or patient-related factors, dem-
onstrating the important roles of these genetic
events in the initiation and/or progression of spe-
cific subtypes of GC. Amplification of 20q13-qter
has been reported in a broad range of tumors,
including cancers of the breast, esophagus, naso-
pharynx, kidney, prostate, colorectum, pancreas,
and salivary gland (Knuutila et al., 1998b). Ampli-
fication of 20q was associated with GC of the in-
testinal type by Lauren’s classification (Kokkola et
al., 1997). In hepatocellular carcinoma, 20q ampli-
fication was associated with larger tumor size (Guan
et al., 2000). Gain in 20q was suggested to promote
cell immortalization (Cuthill et al., 1999).
This region has been suggested to contain one or

more genes that are overexpressed in epithelial
cancers. In breast cancer, serine/threonine kinase
STK15, nonreceptor protein tyrosine kinase BRK,
and vitamin D hydroxylase CYP24 are frequently
amplified and overexpressed (Anzick et al., 1997;
Pinkel et al., 1998; Albertson et al., 2000). The
human cellular apoptosis susceptibility gene CAS
has also been mapped to this region (Brinkmann,
1998). Amplification of 20p12-pter was shown to be
associated with the expanding subtype of GC, and
candidate genes in this region include CDC25B and
PCNA, each of which plays an important role at
specific stages of cell cycle progression. Deletions
of 5q and 18q have been reported in many human
cancers (Knuutila et al., 1998b). Inactivation of
APC, located at 5q21, has been shown to initiate
the majority of colorectal cancers, including famil-
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ial adenomatosis polyposis (Miyoshi et al., 1992;
Powell et al., 1993). In contrast, allelic deletion of
APC/MCC has been shown to be a frequent but late
event in human gastric carcinogenesis (Rhyu et al.,
1994). Our finding that loss of 5q14–q23 was asso-
ciated with tumors with serosa invasion (T3 � T4)
and higher TNM staging confirmed APC loss to be
a late event in gastric tumor progression. The close
association between 5q loss and liver metastasis
further illustrates the importance of this event in
the process of tumor invasion. LOH on 18q pre-
dicted poor survival in colorectal cancer, pancreatic
cancer, and head and neck squamous cell carci-
noma (Ogunbiyi et al., 1998; Pearlstein et al., 1998;
Yatsuoka et al., 2000), and this study confirms pre-
vious reports that LOH of 18q is associated with
tumor progression and poor prognosis of GC (Inoue
et al., 1998).
We have also identified other genetic abnormal-

ities previously unreported in GC. Among them,
recurrent gains of 1p32–p36, 6p21-pter, 13q13–
q14, 16p13-pter, and losses of 3p25-pter were
found to be independent genetic changes strongly
associated with subsets of GC with unique clinico-
pathological features, suggesting the presence of
additional genes involved in the pathogenesis of
GC. By multivariate analysis, we found that gain in
1p32–p36 was associated with tumors of lymph
node metastasis and higher TNM stages, suggest-
ing it to be a late event in GC progression. In
addition, it was also associated with GC of the
infiltrative subtype by Ming’s criteria, suggesting
that overexpression of genes located in this region
may contribute to aggressive tumor growth and
invasiveness. Amplification of 6p21-pter was an in-
dependent factor associated with the expanding
type of GC by Ming’s classification, and it was also
associated with tumors that lacked lymphatic duct
invasion. As for 13q, deletion of the RB1 locus at
13q14 was not obvious by CGH analysis. Instead,
amplification of this locus was observed, suggesting
the presence of dominant oncogenes in this region.
Amplification of 16p13-pter was the only genetic
abnormality shown to be associated with tumor
site, that is, the gastric cardia. The loss of 3p25-pter
was associated with the depth of tumor invasion
and liver metastasis, making it a late event in GC
progression. In agreement with our previous report
that depth of tumor invasion is a poor prognostic
factor (Wu et al., 1996b), GC with loss of 3p25-pter
showed a tendency toward poor survival, although
this did not reach statistical significance.
The initiation and progression of GC involve

multiple genetic alterations. Although many chro-
mosomal alterations have been reported in associ-

ation with GC development and progression, genes
localized to those altered regions relating to GC
pathogenesis have not yet been identified. Other
than the commonly detected regions, we have also
identified regions that have not been identified in
previous reports. Specific chromosomal abnormali-
ties were found to be strongly associated with sub-
types of GC portraying unique clinicopathologic
features. Our findings warrant further studies to
identify potential candidate genes involved in the
pathogenic development of GC, and the regions of
clinicopathologic association represent regions
most likely to contain genes of biological signifi-
cance for GC development and progression.
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